Microbial induced corrosion of steel structures, used for transport or storage of fuels, 14 chemical weapons or waste radionuclides, is an environmental and economic threat. 15
INTRODUCTION 35
The Golf of Bothnia of the Baltic Sea has been the dumping ground for chemical 36 weapons and radionuclide waste sheltered by steel containers [1] [2] [3] . Thus, corrosion 37 of metallic iron (Fe 0 ) structures is a health and environmental threat. Microbial 38 Induced Corrosion (MIC) accounts for 20% of total corrosion costs just when 39
By inference we propose that Methanosarcina might be able to retrieve electrons 69 directly from Fe 0 . This is because we recently reported that Methanosarcina barkeri 70 could retrieve electrons directly from a poised cathode at -400 mV under conditions 71 unfavorable for abiotic H 2 -evolution [23] . The same Methanosarcina was previously 72 shown to grow on Fe 0 (although assumedly using H 2 ) [24] retrieve electrons from 73 electrogenic syntrophic partners [25, 26] or via electrically conductive particles [27-74 29] . During the interaction of Methanosarcina with an electrogenic syntroph, the two 75 are in an obligate metabolic cooperation with one another [26] . As such, only 76
Geobacter is provided with an electron donor -ethanol, and the methanogen with an 77 electron acceptor -CO 2 . Geobacter is a respiratory bacterium that demands an 78 electron acceptor to oxidize ethanol [30, 31] . The electron acceptor may be 79 extracellular (e.g. electrodes or cells [25] ) then Geobacter uses their extracellular 80 electron transfer machinery (outer membrane c-type cytochromes and electrically 81 conductive pili [26, 32] ). During their interaction with Methanosarcina, Geobacter 82 uses the cell-surface of the methanogen as electron acceptor. The methanogen is also 83 favored by the interactions because it can utilize the electrons to reduce CO 2 to 84 methane. Only recently, plausible scenarios for direct electron uptake in 85
Methanosarcina were substantiated using a comparative transcriptomic approach 86 enzymes lasts for only a couple of days under stable conditions [36] , but may be 102 further stabilized by Fe 2+ precipitation [37] released during the corrosion process. 103
Because corroded infrastructure is often home to Methanosarcina species along with 104 acetogenic genera, Methanosarcina was anticipated to play a role in Fe 0 -corrosion, 105 however it was assumed to be indirect [7] [8] [9] [10] [11] , so it would require a cooperation with 106 other corrosive microorganisms, for example by retrieving the acetate produced by 107 acetogens while corroding Fe 0 (Fig. 1) . In this study we investigate the assumption 108 that acetoclastic methanogens like Methanosarcina require an interaction with an 109 acetogen in order to corrode Fe 0 . The Bothnian Bay is an environment where 110 ThermoFisher, Germany) and iron coupons (3 cm × 1 cm × 1 mm) were used as the 136 only source of electrons and all the cultures were performed in triplicate and 137 sometimes up to 10 replicates. Enrichments were transferred as soon as methane 138 production reached stationary phase. Downstream analyses, DNA extractions, 139 substrate evaluations, and SEM were performed during the fifth transfer after three 140 years of consecutive enrichments only on Fe 0 . In addition, to confirm the presence or 141 absence of methanogens, we used their natural, methanogen-specific autofluorescence 142 due to coenzyme F 420 and visualized the cells via epiflorescence microscopy. 143
Chemical analyses 144
Methane and H 2 concentrations were analyzed on a Trace 1300 gas chromatograph 145 system (Thermo Scientific, Italy) coupled to a thermal conductivity detector (TCD). 146
The injector was operated at 150°C and the detector at 200°C with 1.0 mL/min 147 reference gas flow. The oven temperature was constant at 70°C. A TG-BOND Msieve 148 5A column (Thermo Scientific; 30-m length, 0.53-mm i.d., and 20-µm film thickness) 149 was used with argon as carrier gas with a set flow at 25 mL/min. The GC was 150 controlled and automated by the Chromeleon software (Dionex, Version 7). With this 151 set up, the detection limit for methane and H 2 was 5 µM. 152 Acetate concentrations were measured using a Dionex ICS-1500 Ion Chromatography 153 System (ICS-1500) equipped with the AS50 autosampler, and an IonPac AS22 154 column coupled to a conductivity detector (31 mA). For separation of volatile fatty 155 acids, we used 4.5 mM Na 2 CO 3 with 1.4 mM NaHCO 3 as eluent. The run was 156 isothermic at 30°C with a flow rate of 1.2 mL/min. Ferrous iron in the cultures was 6 Afterwards RNase treatment and protein precipitation were completed with the Fast 170
Prep spin MP TM kit for soil. An advantage of this kit is that it allows removal of the 171 high iron content, simultaneously with purifying DNA on a binding matrix. DNA 172 quality was checked on an agarose gel, and quantification took place on a mySPEC 173 spectrophotometer (VWR ® , Germany). 174
Metagenome analyses 175
Metagenomic sequencing was performed via a commercially available service 176 (Macrogen/ Europe), using an Illumina HiSeq2500 approach. Unassembled DNA 177 sequences were merged, quality checked, and annotated using the Metagenomics 178 
Removal of corrosion crust 220
Corrosion crusts from the iron coupons were removed with inactivated acid (10% 221 hexamine in 2M HCl) [6] . N 2 gas stream was used to dry the iron coupons, which 222 were anaerobically stored for microscopy. 223
224

RESULTS AND DISCUSSION 225
To determine if methanogenic communities from costal environments stimulate Fe 0 226 corrosion we enriched for methanogenic communities from sediments offshore of the 227 Swedish coast of the Baltic Sea. For three years we provided a Baltic methanogenic 228 community with Fe 0 as sole electron donor and CO 2 as sole electron acceptor. 229
Original slurries (25% sediment) from Baltic sediments when provided with Fe 0 they 230 generated circa five times more methane and four times more acetate than incubations 231 without Fe 0 (Fig. 2 ). Methane and acetate production continued in subsequent 232 transfers only when Fe 0 was added as sole electron donor. After three transfers, 233 incubations became sediment-free. In these sediment-free incubations, we noticed the 234 formation of a black crust, which could not be observed in abiotic incubations ( Fig.  235 2). Previously, black crust was observed under non-sulfidic conditions and classified 236 as siderite, a common corrosion product of freshwater-microorganisms using CO 2 as 237 terminal electron acceptor [49] . At transfer eight, we assessed Fe 0 corrosion, by 238 determining ferrous (Fe 2+ ) iron accumulation ( Fig. 2) , which is presumably generated 239 in equimolar amounts to the Fe 0 consumed (Fe 0 + 2H 2 O " Fe 2+ (OH -) 2 + 2H + + 2e -), if 240 Fe 2+ -precipitation is absent. Over the course of 25 days, the methanogenic community 241 produced twice the amount of Fe 2+ (1.08 ± 0.1 mM Fe 2+ ) compared to abiotic controls 242 (0.55 ± 0.08 mM Fe 2+ ). Corrosion by the Baltic community was steady and significant 243 (p < 0.0003, n>5), since corrosion started immediately and Fe 2+ accumulated 244 constantly above abiotic controls through the incubation. Largest difference was 245 observed during the first five days, when Fe 2+ was detectable only in the presence of 246 an active community (42 ± 13 µM/day), while it was below background in abiotic 247 incubations (<0 ± 9 µM/day). 248
To determine cell types and attachment onto the metal, we carried out SEM of Fe 0 249 coupons before and after three months exposure to an active Baltic community. Three 
Alleged commensalism between Methanosarcina and acetogens 265
The dominance of acetogenic Clostridium, and acetoclastic Methanosarcina led us to 266 the hypothesis that Clostridium and Methanosarcina were commensals on Fe 0 with 267 Clostridium using Fe 0 as electron donor for acetogenesis, followed by the acetate 268 being used as food source by methanogens ( Fig. 1 Methanosarcina live as commensals, with only the Methanosarcina profiting from the 276 interaction ( Fig. 1) . Methanosarcina have been expected to play a secondary indirect 277 role in steel corrosion [7] [8] [9] [10] [11] . Surprisingly, in our incubations acetate accumulated 278 ( Fig. 2) , indicating that Baltic-Methanosarcina were ineffective acetate-utilizers. 279
Instead they seem to use Fe 0 as electron donor. 280
Competition for Fe 0 between methanogens and acetogens 281
To verify whether the Baltic Methanosarcina was an ineffective acetoclastic 282 methanogen we tested its phylogenetic affiliation to a non-acetoclastic 283
Methanosarcina, tested for acetate utilization, and carried out inhibition experiments 284 in order to either block methanogenesis or acetogenesis. Corroborating our 285 observations we determined that Baltic-Methanosarcina, could not utilize acetate, and 286 therefore together with Baltic-acetogens they established a competitive-type of 287 interaction, rather than a commensal-type of interaction. 288
To determine whether the methanogen was related to a non-acetoclastic 289
Methanosarcina we carried out phylogenetic analyses of the 16S rRNA gene. The 290
Baltic-Methanosarcina 16S rRNA-gene sequence showed 100% identity (600 bp 291 fragment) to M. lacustris (Fig. 5) , which unlike other Methanosarcina, cannot utilize 292 acetate [52] . Once the Baltic-methanogenic community was incubated with acetate as 293 sole electron donor, methane was untraceable for the entire incubation period, of 60 294 days. 295
Inhibition of the bacterial community comprising acetogens, led to a two to six fold 296 increase in methane-production ( Fig. 6 ) compared to the mixed acetogen-methanogen 297 community (Fig. 6 ). In the absence of acetogens (day 10-15), methanogenesis rates 298 were higher (0.094 ± 0.018 mM/day methane) than in the mixed community (0.016 ± 299 0.005 mM/day methane). Antibiotics (kanamycin and ampicillin) did wear off after 15 300 days, resulting in a small increase in acetate production (Fig. 6) , and a halving of the 301 methanogenic rates due to the detrimental presence of 'undead'-acetogens. Higher Furthermore, to determine whether acetogens were negatively impacted by 305 methanogens we inhibited the methanogenic community with 2-306 bromoethanesulfonate (BES), a methyl-CoA analogue. Using BES as inhibitor, the 307 methanogenic community was rendered inactive for the entire period of the 308 incubation (Fig. 6) . Acetogens alone were significantly more productive (14%; 309 p<0.0001) than acetogens in the mixed community. Therefore we could conclude that 310 within the mixed community methanogens did pilfer access to Fe 0 from acetogens in 311 their struggle to survive (Fig. 6 ). Thus both, acetogens and methanogens were 312 negatively affecting one another when competing for Fe 0 as sole electron donor (Fig.  313   7) . 314
Here, for the first time, we bring evidence that an environmental Methanosarcina is 315 directly involved in Fe 0 corrosion. Plus our results show that methanogenic activity in 316 a Methanosarcina dominant Baltic community does not depend on the bacteria or the 317 substrates they generate. Our results are contesting previous suppositions that 318
Methanosarcina and acetogens mainly interact syntrophically, via acetate-transfer, 319 within a corrosive community [53] . 320
Mechanisms of electron uptake from Fe 0 321
Acetogens have been credited to use a variety of mechanisms for electron uptake from 322 Here we demonstrate, that Baltic-acetogens are most likely using oozed endogenous 327 enzymes for quick retrieval of electrons from Fe 0 . This was similar to earlier studies, 328 which investigated pure culture acetogens corroding Fe 0 , such as Sporomusa or 329
Acetobacterium strains [35, 54] . 330
In our study, acetogenesis started 5 days earlier when we added a filtrate of spent-331 media from a Fe 0 -grown Baltic community (Fig. 8) . Plus, acetate recoveries were 332 higher at the addition of the spent filtrate (Fig. 8 ). We observed that accumulation of 333 acetate increased by 22% (n=10, p<0.00001) compared to the mixed Baltic 334 community, and by 7% (n=10, p<0.02) compared to Baltic-acetogens alone, after 335 inhibiting their competitors, the methanogens. We conclude that Baltic-acetogens are 336 most likely to use a mechanism of electron uptake from Fe 0 mediated by enzymes 
